In recent years the author and his colleagues have studied the behaviour o f the lattice in tensile and compression specimens of iron and steel under systematically applied stress (Wood & Smith 1941,1942 a, b, 1944) . The main observation was that, when the primitive elastic range of the material was exceeded, the lattice spacing ceased to obey Hooke's law, and the deviation was such as to suggest that the mechanism of plastic deformation gave rise to an internal stress system on a micro scopic scale of distribution. The lattice strain was observed to change more slowly with applied stress than Hooke's law required; an indication that the internal stress took up a direction opposed to the applied stress and so reduced the resultant stress on the crystalline lattice, and, correspondingly, the lattice strain. In practice the lattice strain tended to remain unchanged in spite of increasing applied stress, suggesting that the internal and the applied stresses increased in proportion. Also the internal stress appeared to be permanent because after removal of the applied
stress the lattice retained a residual strain which persisted with time at room temperature.
The present paper describes further developments. The earlier work was confined to measurements on the (310) planes, and to the spacing changes exhibited by this plane when the normal to the plane was at right angles to the applied stress. Also the measurements were made on flat tensile specimens, which might not have deformed uniformly near the edges. The present measurements refer to the (211) as well as the (310) sets of planes, and to spacing changes when the normals are inclined at various directions, relative to the applied stress, which permit numerical estima tion of the induced internal stresses. Moreover, the measurements were made on a tensile test specimen of circular section, a special X-ray and tensile test machine being designed for the purpose in collaboration with the Engineering Division of the National Physical Laboratory.
These later results indicate that for each type of lattice plane, deviation from Hooke's law occurs with the onset of external plastic deformation, but in a different manner. Whereas the lattice strain for the (310) planes tends to a steady value soon after the external yield has been exceeded, the strain for the (211) planes continues to increase for an appreciable range of stress beyond the yield, although finally a steady value of strain appears to be approached. Also it is found that the residual strain in a given direction, for instance, at right angles to the applied stress, differs for the different types of planes. It is shown that this leads to the new conclusion that the internal stress in a given direction may vary appreciably from one grain to its neighbour according to the particular crystallographic orientation of the grains.
Material
The material used in the present experiments was a Swedish iron (N.P.L. mark S). Chemical analysis for impurities gave C 0*017 %, Si 0*05 %, S 0*003 %, P 0*036 %, Mn 0*006 %, Ni nil, Cr nil, Cu nil, A1 trace.
The material as supplied was in the form of a 1 in. diameter bar. From this were turned circular section tensile test-pieces of diameter 0*200 in. and parallel test length I f in. After machining, each specimen was heated in vacuo at 950° C for 16 min., and furnace cooled; the rate of cooling through the critical range was about 20° C/min. This treatment produced grains which exhibited a high degree of per fection, as shown by the sharpness of the X-ray reflexion spots. Before actual testing, the surface of each specimen was etched, and then examined by X-rays at various points to check that the structure was reasonably uniform. Microscopic examination also indicated a reasonably homogeneous structure with grain size approximately 10~2 cm.
The specimens were then placed in the X-ray and tensile testing apparatus and the behaviour of the lattice examined from zero stress up to the stress (ultimate stress) which just preceded necking of the specimen. The measurements therefore were confined to the range in which under stress the cross-section of the specimen remained sensibly parallel, and the plastic deformation uniform across the section.
X-RAY METHOD
The lattice spacings were measured by an X-ray back-reflexion method. From Bragg's law (2d sin Q = A), it is seen that SO = -tan For a sensitive cha reflexion angle with a given lattice strain 8d/d, it follows that tan # must be large. In practice, the planes from which most accurate measurements are obtainable are the (310), which reflects cobalt Xa-radiation at = 80*7°, and the (211) which reflects chromium Xa-radiation at 6 = 78*1°. This is were chosen.
The experimental arrangement is shown schematically in figure 1. The photo graphic film is vertical in the plane XOZ. The inciden through a hole in the film along the direction OYto meet the tensile specimen at Y, the specimen lying on the XOY plane. The specimen can be rotated in this plane about Y from the transverse position Y80, when the specimen axis is at right angles to the beam, to a position such as YSt when the axis is inclined at the angle \n -0L to the beam. In practice, values of a up to 45° were utilized; at higher values the reflexions become unduly diffuse because the oblique incident beam covers too large an area of specimen.
In an unstressed specimen, reflexion from the lattice planes under consideration occurs when the normal to the planes makes the angle i = \ tt -6 w ith the incident beam. As indicated in figure 1, these normals form a cone cutting the film in the circle XXX'. Changes in the value of i give the changes in lattice spacing on applica tion of stress.
I f the specimen lies along I S 1} then the normals YX and YX' in the horizontal plane make different angles w ith the specimen axis, the angles being (Ittand (bn -<x) -i. Therefore when the tensile stress is applied, the change in value of i will differ for the directions I X and YX'. I t is necessary to measure in the YX z Figube 1 or the YX' direction separately by noting the change in radius of the diffraction ring either along OX or O X' . This is the customary method. The following procedure, however, was preferred. It will be noted that if the vertical plane is considered then the normals YZ and YZ' are similarly inclined to the specimen axis. It can be shown that for the small values of i used in the backreflexion technique ZYSX = Z'YS = -along OZ and OZ' will therefore change similarly when stress is applied to the specimen. It is therefore possible to find the changes in i from measurement of the total vertical diameter, instead of on a single radius as in the first method. This second method therefore was used throughout.
In obtaining the changes in lattice spacing from the changes in diameter of the diffraction ring, the following relations could be used, since the range of change to be measured was small. If D is the diameter of the diffraction ring and the distance to the specimen, -^5 = tan 2i = -tan 26 or 8D = -412 sec2 2680. Di s in mm. In the elastic range 8D could be measured to 0* 1 mm. In the plastic range this accuracy becomes less as the diffraction ring becomes more diffuse, until the limit becomes about 0*2 mm. These figures indicate the order of accuracy possible.
For the chromium radiation, the corresponding experimental conditions were given by # = 78*1°, D = 10*6 cm. and 8d/d = 0*00034 x 8D (mm.).
From experience with the earlier work, the characteristics of the lattice stressstrain relation are best brought out by making a lattice-strain measurement at a given load, and then following this measurement by one with the load removed before proceeding to the next higher load, and so on. This method was therefore followed in the present tests from zero load up to the ultimate stress. For a given stage of loading or unloading measurements were made with the specimen axis at right angles to the beam, also at 45° to the beam, and such intermediate angles which it was desired to study. R esults w ith cobalt r a d ia t io n -(310) p l a n e s The lattice stress-strain characteristics observed with use of cobalt radiation are best indicated by the two curves given in figures 2 and 26. The continuous curve in figure 2 a shows the variation with applied stress of the lattice strain for t (310) planes with normals perpendicular to the stress direction. Figure 26 gives the corresponding curve for those (310) planes with normals at 45° to the stress direction. The points of interest are the following: (1) In both the transverse and the 45° directions, the strain varies in proportion to the applied stress up to the external yield-point. When the stress is removed within this range the lattice returns to its initial spacing. This deformation is elastic.
(2) On exceeding the yield-point in both the transverse and 45° directions the lattice parameter tends to a steady value of the same order as at the elastic limit.
(3) On removal of the applied stress in the latter range the lattice spacing is left with a permanent set of opposite sign to the strain exhibited whilst under stress. This residual strain is given by the broken curves in the same figures, the strain remaining after application of a particular stress being plotted against that stress. Within limits of measurement this residual strain is proportional to the amount by which the applied stress exceeds the yield. It is greater in the transverse than in the 45° direction.
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These results confirm the earlier work, but the present additional observations in the 45° direction permit calculation of Poisson's ratio and Young's modulus for the (310) spacing, and also the magnitude of the internal stresses corresponding to the observed residual strains. The relations used were the following. In figure 3, let Sy be the stress parallel to the stress direction acting at the point O in the surface of the specimen, and Sx a possible transverse stress in the direction OX also in the plane of the surface. In the elastic range Sx is of course zero. In these experiments the lattice strains are determined in the plane YOZ for directions such as ON, where the (310) normals make an angle a with the stress direction. The strains in the elastic range are small. In practice, the strain measurements in the two directions a = 90° and 45°, where the strains are largest, therefore lead to the best value for Poisson's ratio. However, measurements in other directions were made, partly as a check that the elasticity theory was applicable. The need for this arises because the (310) planes reflecting in the various directions belong to different grains (a point, however, which is discussed more fully later). For the present purpose, the observed strains at stresses of Sy = 8*1 and 14*7 kg./mm.2 respectively are plotted as points in figure 4a for a = 90°, 75°, 65°, 55° and 45°. The curve drawn also in the figure gives the strains at the various angles as calculated from equation (1) with (Sx = 0) for the same applied stresses, and using the values of <r and E obtained above. Within limits of measurement, the points giving the observed values of the strain fall on the calculated curves, and provide the confirma tion required, namely, that the (310) strain depends only on the normal stress whatever grains are operative. Also from the observed values it is possible to see that the lattice strain changes sign at about the value a = 62°. But from equation (1), the strain is zero when cot2 a = < r ,l eading to the value <r = 0* by the above more accurate method.
Plastic range
In the plastic range, the (310) spacing behaves in the more complicated manner associated with development of the residual strain.
This strain must correspond to an internal stress with a transverse as well as longi tudinal component. For if the transverse stress were neglected and equation (2) used to get a value for Poisson's ratio, the answer would be too large. Thus after removal of 37*1 kg./mm.2, the residual strains in the transverse and 45° directions are respectively 0*00036 and 0*00013, giving the value <r = 0*6. The value is high because the transverse strain compared with the longitudinal strain is larger than for a simple longitudinal stress. Therefore to a longitudinal co'mpression which causes the (310) planes to expand transversely must be added a further transverse compression to raise the expansion to the value required by the apparently enhanced value of Poisson's ratio.
The value of the longitudinal and transverse internal stresses can be obtained from equation (1) The observations with cobalt radiation thus show that following plastic deforma tion, those grains which are so oriented as to permit X-ray reflexions from the (310) planes are subjected to an internal longitudinal and transverse compression of appreciable magnitude, and that the actual residual lattice strain in the (310) direction varies in amount according to the ellipsoid rule as one proceeds from (310) directions along the longitudinal axis of the specimen to (310) directions along the axis at right angles. Before discussing these results it is important to compare them with the results obtained for the (211) directions. These are described in the next section.
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The lattice stress-strain characteristics of the (211) planes are shown by figures 6a and 66. Figure 6a gives the lattice stress-strain curve for the (211) spacing measured in the transverse direction relative to the applied stress, and figure 66 gives the corresponding curve for the (211) spacing measured at 46° to the stress direction.
The curves show the following interesting features:
(1) Up to the external yield the (211) lattice spacing behaves elastically within limits of measurement, and in this respect resembles the behaviour of the (310) planes. But above the external yield the behaviour is different. As the yield is exceeded the (211) lattice strain at first begins to increase more rapidly with the applied stress than it did in the elastic range, and only at a stress much in excess of the yield does it begin to take up a steady value. The spacing of the (310) planes, on the other hand, reached this steady state immediately after external yield.
(2) Again, on removal of the external stress within the elastic range no residual strain is observed for the (211) planes, as with the (310) planes. But whereas with the latter the residual strain began to appear very soon as the external yield was exceeded, with the (211) planes no residual strain is found until after removal of stresses in the range where the spacing under stress has reached the steady.state; and this state is reached only after application of stress much in excess of the yield.
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- When the residual strain does appear for the (211) pianos, it increases linearly with the previously applied stress within limits of measurement, but is distinctly less in magnitude than the strain remaining in the (310) planes after removal of corresponding stresses. The rate of increase with increasing stress is however of the same order.
There are therefore the following special characteristics of the curves to be considered: (a) primitive elastic range, (6) the transitional range when the strain appears to increase more rapidly with stress than in the pure elastic range, and (c) the final stage where the lattice spacing tends to a steady value.
Elastic range
The values of Poisson's ratio and Young's modulus were obtained from the (211) strain measurements in the transverse and 45° directions by the procedure followed for the (310) planes. The values based on results at stresses below 12 kg./mm.2 were cr = 0*3, E = 20*8 x 103kg./mm.2.
It will be noted that the values of these constants are practically the same as for the (310), the accuracy of measurement of E being of the order of ± 1 %.
Transitional range
The increase in rate of lattice strain with stress between the external yield at 12*5 kg./mm.2 and a stress about 20 kg./mm.2 (figures 5 and 5 b) is difficult to account for. The explanation suggested is that since planes such as the (310) are not sustaining any of the applied stress in excess of 12*5 kg./mm.2, then planes such as the (211), which appear capable of greater elastic deformation, have to take a greater stress. The true stress on the (211) planes is then greater than the average stress over the section of the test specimen. If this explanation is correct, it means that the range over which the lattice of a grain behaves elastically depends on its orientation to the applied stress.
Plastic range
The final tendency to a steady (211) lattice parameter is again interpreted as the result of an internal stress superposed on the applied stress. The internal stress, calculated below by the same method as that used for the (310) It will be noted that these values are appreciably less than the corresponding values Sy = 17 and Sx = 10 kg./mm.2 obtained from measurements on the (310) planes. This difference was checked by examining the same specimen by chromium and by cobalt radiation after removal of the ultimate stress. The results, taken together with the previous results on the behaviour of the (310) planes, thus lead to the interesting conclusion that in any direction in the tensile specimen homo geneous plastic deformation produces an internal stress which may vary in magnitude from one grain to the next if the crystallographic orientation of the grains are not the same. The diagram helps to illustrate the point, particularly relevant in the present connexion, that X-ray reflexion takes place from a different set of grains when the angle between the incident beam and the specimen is varied. Therefore the measured (310) strain in one direction refers to one set of grains, in which the (310) planes happen to be oriented favourably for reflexion, whilst the strain in a second direc tion refers to quite a different set. Thus, in the diagram, the transverse (310) strain is given only by grains oriented similarly to A x. As the strain is measured at in creasing angles to the transverse direction, first grains such as A 2, and then grains containing (310) planes inclined similarly to A 3, reflect.
Similarly, the change in incident wave-length from cobalt to chromium brings into operation further sets of grains. Thus the transverse (211) strain is measured on grains such as Bx in which the (211) normals are at right angles to the stress direction. The (211) strain at increasing angle to the transverse strain is then measured on different grains such as B2 and Bz in which the (211) normals are pro gressively inclined. It would not be possible without complication of the machines employed for research on the present lines to measure the changes in say the (310) and (211) planes in the same grain, although such a development must be envisaged.
The diagram then illustrates the conclusion of main interest arising from the X-ray measurements. This is that if we have two neighbouring grains, such as A and B, in which the (310) and (211) normals respectively are parallel, then the internal stress acting on A appears to be different in magnitude from that acting on □ a 3 B stress direction B. Therefore a stress gradient must occur across the boundary. A specific case has been referred to, but it is reasonable to generalize, and conclude that a local internal stress gradient must occur across the boundary of any two neighbouring grains with different crystallographic orientation in a material such as the present which has undergone plastic deformation.
The origin of the residual internal strains and stresses is still not clear. One possibility is that the elastic range of the grain B, again referring to the diagram, is greater than that of grain A. When the applied stress exceed grain flows plastically while the deformation of is still elastic. Then on removal of the applied stress, along the specimen axis B will act as a spring in recovery, producing compression stress in A and remaining itself in tension. Views on these lines were expressed many years ago by Heyn (1914) to explain the Bauschinger effect, and by Masing (1924) to explain creep recovery. Undoubtedly effects of this type should occur in polycrystalline metals. Proof that they were responsible for the present observations would be provided if a set of grains could be detected which exhibited an internal stress of opposite sign to the compressive stresses shown by those grains in which the (310) normals, and those in which the (211) normals, are perpendicular to the surface of the tensile specimen. Unfortunately, the choice of practicable incident wave-lengths is limited; but some tests were made, however, with molybdenum K<x radiation which is reflected at 78° by the (732) and (651) planes. The reflexions from the plastically deformed material were too weak for accurate measurement of the residual strains, which were also small, but they were sufficient to indicate that in the case of these planes also the corresponding internal stresses were still compressive. If, therefore, grains in which the (310), (211), (732) and (651) normals respectively are perpendicular to the surface of the tensile specimen, all exhibit compressive longitudinal and transverse stresses, it is difficult to see what other orientation could exhibit a tension. Again, the (211) is considered to be a slip plane for iron. Grains in which these planes are parallel to the stress direction might be expected to show a low elastic range and therefore a high residual stress on removal of the external stress. In fact, it is found that the stress is less than for the less favourably oriented (310) planes. Therefore, it is still not clear that the present observations could be accounted for entirely by the Heyn stresses.
When the author's first account was published it was suggested to him that the effect might be due to macroscopic internal stresses; that, for instance, the outer layers of the tensile specimen yielded before the interior so that on removal of the applied stress the interior, due to its greater elastic range, would produce a macro scopic compressive stress in the surface layers, which the X-rays examine. It was with this possibility in view that the flat tensile specimens used in the earlier work were replaced by specimens of circular section. The hypothesis of a single macro scopic stress system in the surface, however, is inconsistent with the present obser vation that the residual stress system derived from strain values of the (310) planes is appreciably different from that derived from observations on the (211) planes, that is the residual stress system is different for different grains. Further evidence against the macroscopic stress was given by the observation that if the surface layers of the specimen were etched away progressively until the middle of the specimen was reached, no variation in magnitude or sign of the internal stresses could be observed. If macroscopic stresses were present it would be reasonable to expect some stress variation to be observed in the exposed surface as the volume of the specimen is penetrated.
On the other hand, it is necessary for equilibrium that the observed internal compressive stresses should be balanced by equivalent tensile stresses on the same scale of size distribution. If it is found impossible to obtain X-ray reflexions from regions in tension, then it will be necessary to conclude that the atomic arrangement in those regions is too disordered for coherent reflexion.
The work described above has been carried out as part of the research programme o f the National Physical Laboratory, and this paper is published by permission of the Director of the Laboratory. 
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I n t r o d u c t i o n
When a charged particle moves in a magnetic field, it is accelerated in a direction perpendicular to its direction of motion and loses energy by radiation. Pomeranchuk (1940) has shown that electrons of about 1017eV or more will lose most of their
